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Abstract
Propionibacterium acnes is a common and probably underestimated cause of delayed joint prosthesis infection. Bacterial bioﬁlm formation
is central in the pathogenesis of infections related to foreign material, and P. acnes has been shown to form bioﬁlm both in vitro and
in vivo. Here, bioﬁlm formation by 93 P. acnes isolates, either from invasive infections (n = 45) or from the skin of healthy people
(n = 48), was analysed. The majority of isolates from deep infections produced bioﬁlm in a microtitre model of bioﬁlm formation,
whereas the skin isolates were poor bioﬁlm producers (p <0.001 for a difference). This indicates a role for bioﬁlm formation in P. acnes
virulence. The type distribution, as determined by sequencing of recA, was similar among isolates isolated from skin and from deep infec-
tions, demonstrating that P. acnes isolates with different genetic backgrounds have pathogenic potential. The bioﬁlm formed on plastic
and on bone cement was analysed by scanning electron microscopy (EM) and by transmission EM. The bioﬁlm was seen as a 10-lm-thick
layer covering the bacteria and was composed of ﬁlamentous as well as more amorphous structures. Interestingly, the presence of human
plasma in solution or at the plastic surface inhibits bioﬁlm formation, which could explain why P. acnes primarily infect plasma-poor envi-
ronments of, for example, joint prostheses and cerebrospinal shunts. This work underlines the importance of bioﬁlm formation in P. acnes
pathogenesis, and shows that bioﬁlm formation should be considered in the diagnosis and treatment of invasive P. acnes infections.
Keywords: Bioﬁlm, Propionibacterium acnes, prosthesis infection, regulation, typing, virulence
Original Submission: 11 April 2008; Revised Submission: 23 September 2008; Accepted: 13 November 2008
Editor: D. Mack
Article published online: 23 April 2009
Clin Microbiol Infect 2009; 15: 787–795
Corresponding author and reprint requests: M. Rasmussen,
Department of Clinical Sciences, Division of Infection Medicine, BMC
B14, Tornava¨gen 10, 221 84 Lund, Sweden
E-mail: Magnus.Rasmussen@med.lu.se
Introduction
Infection of orthopaedic prostheses and of other implanted
foreign materials in the human body is a signiﬁcant medical
problem. Such infections typically have an insidious course,
and diagnosis and therapy are therefore often delayed. Also,
infections related to foreign materials are generally difﬁcult to
treat, because the bacteria form bioﬁlms that partially protect
them from human immune defences and from the action
of antibiotics. A bioﬁlm is composed of bacteria in a distinct
metabolic state, attached to a surface, and embedded in a
matrix usually composed of polysaccharides. The increased
resistance to antibiotics within the bioﬁlm is probably related
both to the metabolic state of the bacteria and to the compo-
sition of the bioﬁlm, which limits the penetration of antibiotics
[1]. Owing to the difﬁculties in treating bioﬁlm-related infec-
tions, cure often relies on surgical removal of the foreign
material.
It has previously been estimated that 10–15% of failures of
hip prostheses are caused by late infections, but, with more
reﬁned techniques to detect bacteria, Tunney et al. cultured
bacteria from 22% of cases of revision hip surgery and
detected bacteria by other methods in another 53% of cases
[2]. A study that combined sonication of the prosthesis with
reﬁned culturing techniques, immunoﬂuorescence micro-
scopy, tissue pathology and PCR ampliﬁcation and sequencing
of bacterial 16S rRNA genes concluded that infections cause
the majority of cases of prosthesis failure [2]. In some stud-
ies, Propionibacterium acnes was found to be the most
common organism cultured or otherwise detected, outnum-
bering even coagulase-negative staphylococci (CoNS) [2,3].
Thus, the number of prosthesis-related infections due to P. acnes
may previously have been dramatically underestimated. Early
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postoperative infections with more pronounced symptoms
and signs of infection can also be caused by P. acnes, but are
more commonly caused by Staphylococcus aureus.
P. acnes has a proposed role in the pathogenesis of acne,
but it can also cause invasive infections, such as postopera-
tive mediastinitis, and infections of joint prostheses and of
cerebrospinal ﬂuid shunts [4–8]. In these infections, fever
and elevated levels of C-reactive protein are often absent,
whereas pain from a prosthetic joint or shunt dysfunction
may draw attention to the infection. In P. acnes prosthetic
joint infections, abnormal pain frequently occurs early after
surgery, but proper diagnosis is often delayed by several
months [8]. Generally, the prognosis is favourable after
exchange arthroplasty and prolonged treatment with a com-
bination of antibiotics [5,8].
In 2003, it was demonstrated that P. acnes can form bio-
ﬁlm and that P. acnes in bioﬁlm is more resistant to antibiot-
ics than bacteria in the planktonic growth phase [9]. During
the last year, evidence that P. acnes can form bioﬁlm both
in vitro and in vivo has accumulated [10–14]. The initial ﬁnding
that bacteria in bioﬁlm are more resistant to antibiotics has
been veriﬁed, and it has been demonstrated that P. acnes can
even form bioﬁlm on gentamicin-containing bone cement
with antibiotics present in the medium [14]. Production
of lipase, a putative virulence determinant, was found to be
upregulated in the bioﬁlm mode of bacterial growth [12].
The bioﬁlm has been visualized by electron microscopy [10],
but neither its chemical composition, the genes encoding it,
nor the factors governing its regulation are currently known.
We hypothesized that bioﬁlm formation is an important
virulence determinant for infections of deeper tissues and for-
eign materials. Therefore, a large collection of P. acnes isolates
obtained from deep infections was compared with P. acnes
isolates from normal skin with regard to bioﬁlm formation.
Materials and Methods
Isolates and culture conditions
Forty-ﬁve isolates of P. acnes were clinical isolates from the
Departments of Clinical Microbiology of Lund University
Hospital, Malmo¨ University Hospital, and O¨rebro University
Hospital, Sweden. All handling of patient data was approved by
the Ethics Committee, Lund University (No. 123/2005). The
majority of isolates originated from tissue adjacent to infec-
tions of prosthetic hip and knee joints and from postoperative
mediastinitis where sternal stainless steel wires were present.
All of these isolates, except three, were from one of multiple
positive cultures from the same patients. Osteosynthesis
materials from vertebra and bone implants from the skull were
sonicated in Fastidious anaerobic broth (Labora, UK), and this
was followed by routine anaerobic culture. Forty-eight isolates
were collected from the skin of the forehead of 48 healthy
individuals, who were neither working in hospitals nor under-
going antibiotic treatment. An area of 3 · 3 cm of the fore-
head was swabbed with a cotton-tipped swab, moisted with
sterile physiological saline, and plated on blood agar (LabM
Ltd) containing horse blood (4%). The plates were incubated
under anaerobic conditions (10% H2, 10% CO2, 80% N2) at
37C for 72 h. Isolates were characterized as P. acnes using
routine microbiological criteria, including characteristic mac-
roscopic appearance (typical small colonies), Gram-staining
characteristics, and the production of catalase and indole.
Isolates were frozen at )80C in glycerol (50%), and for
experiments the bacteria were cultivated in Bacto Brain
Heart Infusion broth (BHI; Becton and Dickinson, Sparks,
MD, USA) supplemented with glucose (0.5%) and kept in an
anaerobic chamber for 72 h at 37C. Staphylococcus epidermi-
dis RP62A (ATCC 35984) was used as a positive control for
bioﬁlm production [15]. For some experiments, plasma
obtained by centrifugation at 1500 g for 10 min of heparin-
ized blood from healthy volunteers was added to the med-
ium. Antibiotic-free bone cement was a gift from Biomet
Cementing Technologies (Sjo¨bo, Sweden), and cement was
prepared according to the instructions provided by the man-
ufacturer. Beads of a volume of approximately 100 lL were
produced manually under sterile conditions.
Bioﬁlm assay
Quantiﬁcation of bioﬁlm formation was performed using a
previously described microtitre plate assay [16], with modiﬁ-
cations. In brief, bacteria were cultivated for 72 h in BHI
supplemented with glucose, and 50 lL of this culture was
added to wells of a sterile 96-well ﬂat-bottomed plastic cul-
ture plate (Nunclon Surface F; Nunc A/S, Raskilde, Denmark)
containing 150 lL of medium, and incubated anaerobically at
37C for 72 h. The CoNS strain (see above) was used as
positive control on each plate, and medium alone served as
negative control. Each isolate was tested in triplicate at least
three times. The medium was removed, followed by gentle
washing (three times) with 200 lL of phosphate-buffered
saline (PBS), by pipetting. The remaining bioﬁlm was ﬁxed in
200 lL of methanol for 10 min, and then stained in 160 lL
of crystal violet (1% (w/v) in water, Gram staining for
microscopy) (Diagnostica Erlich, Darmstadt, Germany) for
4 min. Colour was removed, the wells were rinsed by pipett-
ing 200 lL of PBS three times, and dye was extracted with
200 lL of acetone–ethanol (20 : 80 (v/v)). The absorbance
was measured at 550 nm in an ELISA reader (Bio-Rad micro-
titerplate reader, model 550). The maximum absorbance was
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3.6, and if the absorbance was higher, 100 lL of solution
was transferred to an empty well and diluted in an equal vol-
ume of acetone–ethanol. The absorbance of the negative
control was subtracted from the absorbance of the content
in each well before statistical evaluation.
For the determination of bacterial numbers, the washed
bioﬁlm was removed by rubbing with a pipette tip and resus-
pended in sterile PBS. Bacteria were sonicated for 15 s in a
Grant ultrasonic bath XB2, and then plated on BHI with
agar. Colonies were counted after 96 h of incubation.
Typing
P. acnes colonies from blood agar plates were boiled for
10 min in 20 lL of TE buffer (10 mM Tris-HCl, pH 7.5,
1 mM EDTA). Samples were centrifuged (1 min, 16 100 g),
and the supernatant containing DNA was stored at )20C
until use. Isolates from which no DNA was obtained with
this method were treated with 50 U of mutanolysin for 5 h
and centrifuged; the supernatant was stored at )20C. PCR
was carried out under the following conditions: 95C for
10 min, 35 cycles at 95C for 1 min, 54C for 1 min 20 s,
and 72C for 1 min 30 s. The programme ended with 72C
for 10 min. The ﬁnal concentrations in the reaction mixture
were: 1· buffer, 0.2 mM dNTP mix, 0.0045 U Taq polymer-
ase, 1.5 mM MgCl2, and 1 lM each of the primers PR264
[17] and PAR-2 [18].
All reagents, except the primers, were from Fermentas
(Vilnius, Lithuania). PCR products were washed using the
SpinPrep PCR Clean-up Kit (Novagen, Madison, WI, USA).
The nucleotide sequences were determined using the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, USA) with primers PR264 and PAR-2, and an
ABI 3100 Genetic Analyzer (Applied Biosystems). Sequences
were aligned using the ClustalW algorithm [19] in the MacVec-
tor v9.5.2 software package (Cary, North Carolina, USA), and
were assigned to different types as previously described [18].
Electron microscopy
For scanning electron microscopy (SEM), bacterial bioﬁlm,
adsorbed either to polylysine-coated coverslips or to bone
cement beads, was ﬁxed in formaldehyde (4%)/glutaraldehyde
(2.5%) in PBS for 2 h at 4C. Fixed specimens were dehy-
drated for 10 min at each step of an ascending ethanol ser-
ies, and critical point dried in a Balzers critical point dryer in
liquid carbon dioxide, using absolute ethanol as intermediate
solvent. Samples were examined under a Jeol J-330 scanning
electron microscope at an acceleration voltage of 5 kV and a
working distance of 10 mm.
For transmission electron microscopy, pellets containing
approximately one million bacteria were ﬁxed in 0.15 M
sodium cacodylate-buffered glutaraldehyde (2.5%), postﬁxed
in 0.15 M sodium cacodylate-buffered osmium tetroxide
(2%), and embedded in epoxy resin. Ultrathin sections were
analysed with a Jeol JEM 1230 electron microscope oper-
ated at 60-kV accelerating voltage. The images were
recorded with a Gatan Multiscan 791 CCD camera.
Statistical methods
Non-parametric statistics were applied, and statistical signiﬁ-
cance was determined with the Mann–Whitney rank sum
test, using SigmaStat 3.1 (Systat Software, Inc.).
Results
Deep tissue isolates of P. acnes produce bioﬁlm
We compared bioﬁlm formation in a collection of 45 isolates
from clinical infections with that in a collection of 48 isolates
from forehead skin of healthy individuals. Clinical isolates
were mainly from infections of joint prostheses or other for-
eign material related to surgery and collected in three differ-
ent clinical microbiology departments in Sweden (see
Tables 1 and 2 for details). Bioﬁlm formation was deter-
mined, for each isolate, by measuring the amount of crystal
violet absorbed by the bacteria in a bioﬁlm formed on poly-
styrene plastic. First, the amount of bioﬁlm formation of ﬁve
isolates was tested in different bacterial culture media. Bio-
ﬁlm formation was higher in BHI medium supplemented with
glucose than in BHI. Bioﬁlm formation in a medium with
tryptone, yeast and glucose was roughly 50% of that in BHI,
whereas bioﬁlm formation in Todd–Hewitt broth with
Tween-80 (0.1%) was much lower (data not shown). Thus,
for further experiments, BHI medium supplemented with
glucose was used. Lowering the initial inoculum resulted in
less bioﬁlm formation after 72 h. After 24 h of incubation,
no bioﬁlm was visible, and therefore bioﬁlm formation of
three isolates was determined after 48, 72 and 96 h. Also,
the number of bacteria within the bioﬁlm was determined by
plating, and the results are shown in Fig. 1. Plating of bacteria
from the bioﬁlm also showed that contaminating bacteria
were not present. At 72 h, the bioﬁlm was stable and the
number of culturable bacteria was high, and thus we pro-
ceeded using the 72-h incubation. The number of bacteria in
the bioﬁlm needed to produce an OD550 nm of 1 after 72 h
of incubation was 6.4 · 107 to 1.8 · 108.
Each isolate was tested in triplicate on three different
occasions, and the mean absorbance for each isolate was
calculated. A greater quantity of bioﬁlm was produced by
isolates from clinical infections (deep isolates) than from iso-
lates from the skin of healthy controls (Fig. 2). From the data
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in Fig. 2, a potential positive skew in the distribution of
absorbance can be suspected; we therefore proceeded using
non-parametric statistics. The median absorbance was 0.43
(0.14–1.0) for the superﬁcial isolates and 1.8 (0.95–5.3) for
the deep isolates (range is given as 10th–90th percentile).
The difference is statistically signiﬁcant (p <0.001). The med-
ian absorbance of the CoNS-positive control was 2.5 (2.2–
4.8). The intra-experimental coefﬁcient of variation was 53%
(29–91%) for superﬁcial isolates and 32% (11–67%) for deep
isolates, whereas the inter-experimental coefﬁcient of varia-
tion was 83% (29–142%) for superﬁcial isolates and 39%
(12–70%) for deep isolates (median and range as 10th–90th
percentile).
A post-analysis cut-off limit to classify isolates as
bioﬁlm-positive or bioﬁlm-negative was tentatively set at
OD550 nm = 0.9. If the bioﬁlm phenotype, as deﬁned by this
cut-off, is used to distinguish between deep and superﬁcial
isolates, the sensitivity of detection of a deep isolate by bio-
ﬁlm determination is 91% and the speciﬁcity is 87%.
Lack of correlation between P. acnes type and site of
infection
Typing of P. acnes has traditionally been performed using
serological methods but, recently, molecular genetic methods
have been applied [18]. We ﬁrst employed a PCR-based
method [17], with ambiguous results, and then proceeded to
perform sequence determination of recA, which has recently
been described to have a sequence polymorphism-deﬁning
type [18]. The distribution of types is given in Fig. 3; it is
TABLE 1. Site of isolation, type of, and bioﬁlm formation by,
deep Propionibacterium acnes isolates used in this study
Isolate Site of isolation Department Type
Absorbance
at 550 nm
AD1 Knee prosthesis L IA 1.8
AD2 Sternal wire L IA 3.8
AD3 Sternal wire L IB 1.5
AD4 Lnee prosthesis L IA 0.95
AD5 Bone tissue, hip L IA 4.5
AD6 Bone tissue, ﬁnger L IA 1.7
AD7 Knee prosthesis L II 6.1
AD8 Hip prosthesis L IA 1.5
AD9 Hip prosthesis L IA 5.0
AD10 Bone tissue, skull L II 11
AD11 Hip prosthesis L IA 1.3
AD12 Hip prosthesis L IB 0.96
AD13 Sternal wire L II 1.8
AD14 Bone tissue, femur L II 1.4
AD15 prosthetic device, vertebra L IA 4.4
AD16 Bone tissue, skull L II 2.9
AD17 Hip prosthesis O¨ IA 2.4
AD18 Hip prosthesis O¨ II 1.3
AD19 Hip prosthesis O¨ IA 1.5
AD20 Knee prosthesis O¨ II 1.5
AD21 Knee prosthesis O¨ II 0.36
AD22 Hip prosthesis O¨ IA 1.6
AD23 Knee prosthesis O¨ IA 2.6
AD24 Knee prosthesis O¨ II 1.5
AD25 Hip prosthesis O¨ IA 2.1
AD26 Hip prosthesis O¨ IB 5.5
AD27 Hip prosthesis O¨ IB 1.4
AD28 Hip prosthesis O¨ IA 0.61
AD29 Hip prosthesis O¨ IA 0.73
AD30 Hip prosthesis O¨ IA 4.2
AD31 Prosthetic device, vertebra O¨ II 8.7
AD33 Knee prosthesis M IB 6.1
AD35 Prosthetic device, vertebra M IA 2.2
AD36 prosthetic device, vertebra M IA 3.2
AD38 Sternal wire O¨ IA 2.1
AD39 Sternal wire O¨ IB 1.8
AD40 Sternal wire O¨ IA 1.7
AD41 Sternal wire O¨ IA 1.5
AD42 Sternal wire O¨ IA 1.2
AD43 Sternal wire O¨ IB 0.53
AD44 Knee prosthesis O¨ IA 0.99
AD45 Femur prosthesis O¨ IA 1.3
AD47 Hip prosthesis O¨ IA 3.3
AD48 Prosthetic device, vertebra O¨ IA 1.6
AD49 Bone tissue, skull L II 4.3
L, Lund; M, Malmo¨; O¨, O¨rebro.
TABLE 2. Type of, and bioﬁlm formation by, superﬁcial
Propionibacterium acnes isolates used in this study (isolated
from forehead)
Isolate Type
Absorbance
at 550 nm
AS1 IB 0.49
AS2 IA 0.63
AS3 IB 0.38
AS4 IA 0.70
AS5 IA 0.49
AS6 IA 0.66
AS7 IA 0.37
AS8 II 0.38
AS9 II 0.48
AS10 IA 0.32
AS11 IB 0.56
AS12 II 0.96
AS13 IB 1.2
AS14 IA 0.56
AS16 IB 0.51
AS18 IB 0.43
AS20 II 0.39
AS21 II 1.4
AS22 II 0.60
AS23 IB 0.88
AS24 IA 0.57
AS25 IA 0.62
AS26 IA 0.40
AS27 IA 1.1
AS28 II 0.55
AS29 II 0.64
AS30 IA 0.31
AS31 IA 0.55
AS32 IA 0.14
AS33 IA 0.09
AS34 IA 0.24
AS35 IA 0.13
AS37 IB 0.03
AS38 IB 0.29
AS39 II 0.41
AS40 II 0.32
AS41 II 0.23
AS42 II 0.30
AS43 II 0.24
AS44 IA 0.42
AS45 IA 1.3
AS46 IB 0.12
AS47 IA 1.9
AS48 IA 0.14
AS49 IB 0.65
AS50 IA 0.30
AS51 IA 0.12
AS52 II 0.44
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similar between deep and superﬁcial isolates. Also, we tested
whether type correlates with bioﬁlm formation. No such
correlation was found, and each type contained isolates that
were strong bioﬁlm producers as well as isolates that were
weak producers (see Tables 1 and 2).
Appearance of bioﬁlm
The appearance of bioﬁlm formed by isolate AD49 on the
polystyrene plastic was investigated using SEM. As a control,
bacteria of the same isolate in planktonic growth phase were
immobilized and subjected to SEM.
Fig. 4 shows that the bioﬁlm embeds the bacteria in an
approximately 10-lm-thick layer. Similarly, the bioﬁlm of iso-
late AD49 was analysed by transmission electron microscopy
and compared with that of bacteria of the same isolate pel-
leted from the growth medium in their planktonic growth
phase. As seen in Fig. 5, the bioﬁlm is composed of both
amorphous and ﬁbrillar structures.
To adapt the model more to the in vivo situation, several
isolates were allowed to make a bioﬁlm on a bead of bone
cement by culturing the isolates for 72 h in the presence of
the bead. The surface of the bead was visualized by SEM, and
an amorphous bioﬁlm was seen covering and embedding the
bacteria (Fig. 6). The bead, incubated in medium alone,
served as control (Fig. 6).
FIG. 1. Bioﬁlm formation on polysty-
rene plastic expressed as absorbance at
550 nm by isolates AD1 (¤), AD19 ( )
and AD49 (•) after different time-points
is shown by the ﬁlled lines and left axis
of the graph. The number of CFUs per
well was determined at the same time-
points, and is indicated by the dotted
line and the right axis of the graph.
FIG. 2. Box plot depicting bioﬁlm formation by deep (AD) and
superﬁcial (AS) Propionibacterium acnes isolates on polystyrene plastic
expressed as absorbance at 550 nm. Each value is the mean from
three separate experiments, each with triplicate samples. Two values
are above six (8.7 and 11), and are depicted by dots on the outer
line of the diagram. Bars represent the 10th to the 90th percentile,
boxes represent the 25th to the 75th percentile, and the line within
the box represents the median. The difference between the groups
is statistically signiﬁcant (p <0.001).
FIG. 3. Distribution of types Ia, Ib and II (%), determined by
sequencing of recA, of Propionibacterium acnes isolates isolated from
deep infections (AD) and skin (AS).
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Plasma inhibits bioﬁlm formation by P. acnes
For many other bacterial species, bioﬁlm formation is facili-
tated by the presence of plasma, and thus the effect of
plasma on P. acnes bioﬁlm formation was determined. Sur-
prisingly, the presence of plasma during incubation inhibited
bioﬁlm formation by ten P. acnes isolates tested (Fig. 7).
There was a minor effect of plasma on bioﬁlm formation by
the CoNS isolate (Fig. 7), and heparin alone was without
effect (data not shown). The planktonic growth of two
P. acnes isolates from deep infections in the presence of 1%
plasma was somewhat slower than in medium without
plasma. The cultures reached the same ﬁnal optical density,
but the presence of plasma retarded entry into the station-
ary phase by approximately 12 h (data not shown). To
exclude the possibility that the effect on bioﬁlm formation of
plasma was related to inhibition of bacterial growth, wells
were pre-incubated with plasma, and this was followed by
washing with PBS and analysis of bioﬁlm formation. Plasma
pre-incubation also decreased bioﬁlm formation by the
P. acnes isolates tested (Fig. 7).
Discussion
P. acnes is a commensal of the human skin, but it is also an
important cause of invasive infections related to foreign
material [5,8]. With modern techniques for the detection
of bacteria, it has become evident that the number of
(a) (c)
(b) (d)
FIG. 4. Scanning electronmicrographs of
bioﬁlm of Propionibacterium acnes isolate
AD49 formed on plastic are shown in (a)
and (b). Scanning electronmicrographs of
the same isolate in the planktonic growth
phase are shown in (c) and (d). Scale bars
represent 10 lm (a and c) and 5 lm
(b and d).
(a) (c)
(b) (d)
FIG. 5. Transmission electronmicro-
graphs of bioﬁlm formed on plastic by
isolate AD49 are shown in (a) and (b).
Transmission electronmicrographs of the
same isolate in the planktonic growth
phase are shown in (c) and (d). Arrows
mark putative bioﬁlm structures. The
scale bar represents 500 nm.
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prosthetic joint infections caused by P. acnes may have been
dramatically underestimated, and that many cases of ‘aseptic’
prosthesis loosening might represent P. acnes infections [2].
Bioﬁlm formation is a crucial virulence strategy of bacteria
infecting foreign material that has been thoroughly studied,
especially with CoNS [20]. P. acnes can also form bioﬁlm
and, although this fact is now ﬁrmly established [9–14], noth-
ing is known about the regulation of bioﬁlm production and
differences in bioﬁlm formation by different isolates. Here,
we examined a large collection of isolates and showed that
isolates from deep infections related to foreign material pro-
duce more bioﬁlm in vitro than isolates from skin of healthy
individuals. This is a strong indication that the ability to pro-
duce bioﬁlm is a virulence determinant of P. acnes, and pro-
vides additional evidence that bioﬁlm formation is important
for infections of joint prostheses and other foreign materials.
Our results demonstrate that bioﬁlm production
is affected not only by the site of isolation, but also by
the composition of growth medium and human plasma. This
indicates that regulation of the genes encoding bioﬁlm com-
ponents is subject to environmental inﬂuences. Which genes
govern bioﬁlm formation is at present unknown, as is the
chemical composition of the bioﬁlm. The appearance of the
bioﬁlm in the electron microscope indicates, however, that it
is composed of ﬁlamentous structures as well as more
amorphous material. Bacterial bioﬁlms contain mostly carbo-
hydrates, and P. acnes has genes encoding a UDP-N-acetyl-
glucosamine-2-epimerase and glycosyl transferases, which
have been proposed to be involved in bioﬁlm production
[21,22]. Future studies are needed to determine the exact
nature of the P. acnes bioﬁlm and how it is regulated.
The distribution of types among isolates from deep infec-
tions and from the skin of healthy individuals was similar,
indicating that there is not a single virulent clone of P. acnes
but rather that there are diverse isolates that can cause deep
(a) (c)
(b) (d)
FIG. 6. Scanning electronmicrographs of
a bead of bone cement at two different
magniﬁcations are shown in (a) and (b). In
(c) and (d), bioﬁlm formed by isolate
AD39 on another cement bead at the
same magniﬁcations is shown. The arrow
indicates bioﬁlm. The scale bar in (c) rep-
resents 100 lm (a, c), and that in (d) rep-
resents 10 lm (b, d).
FIG. 7. Bioﬁlm formation of ten Propionibacterium acnes isolates in
the presence of 5% human plasma (left) or in wells pre-incubated
with human plasma and then washed with phosphate-buffered saline
(right). Each dot (•) represents the ratio between bioﬁlm formation,
expressed as absorbance at 550 nm, of the given isolate with and
without plasma from a representative experiment. As a control, the
same ratio was calculated for the coagulase-negative staphylococci
isolate (X).
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infections. The previous ﬁnding that type I is more common
in superﬁcial isolates [18] is not conﬁrmed by our study.
Possibly, bioﬁlm production may be the factor that deter-
mines whether a deep infection is established or not. Clearly,
the host defence status and the size of inoculum must also
be important, and it remains to be investigated whether
other potential virulence traits of the bacterium are associ-
ated with invasive disease.
Most workers seem to assume that a preconditioning
ﬁlm of protein coating a foreign material facilitates bioﬁlm
formation [20]. Thus, the foreign material is pretreated with
plasma in many studies. However, the effect of plasma pro-
teins on bioﬁlm formation is complex. Different proteins
have different effects on bacterial adhesion to a foreign
material, which is the ﬁrst step in bioﬁlm formation. For
example, albumin and plasma have been reported to inhibit
adhesion [23], whereas ﬁbrinogen, ﬁbronectin and platelets
facilitate adhesion of staphylococci [24]. For CoNS, plasma
preconditioning inhibits initial adherence, but the presence
of plasma proteins in solution support the formation of a
robust bioﬁlm [25]. A previous study of P. acnes bioﬁlm for-
mation failed to identify a difference between surfaces with
or without a preconditioning plasma ﬁlm [10]. The present
ﬁnding that plasma inhibits bioﬁlm formation by P. acnes was
not entirely expected. As plasma also had some effect on
bacterial growth in the planktonic phase, we conﬁrmed the
inhibitory effect of plasma on bioﬁlm formation by pretreat-
ing only the surface with plasma. The fact that P. acnes
causes infections of joint prostheses and cerebrospinal ﬂuid
shunts, but probably less frequently of venous catheters or
heart valves, is in concordance with an inhibitory effect of
plasma on bioﬁlm formation. Hypothetically, bacteria in a
P. acnes bioﬁlm that are exposed to plasma, e.g. during skin
wounding, would respond with conversion to growth in a
planktonic manner. This could facilitate bacterial spread to
distant sites in the same host or perhaps to a new host.
The nature of the component of human plasma that exerts
the bioﬁlm inhibitory effect and the mechanism of inhibition
are under investigation in our laboratory.
It should also be stressed that bioﬁlm formation in vitro
does not necessarily equal bioﬁlm formation in vivo. How-
ever, the choice of material for the in vitro studies does not
seem to be that important [26], making bioﬁlm formation on
polystyrene a good surrogate for bioﬁlm formation on other
surfaces. The bioﬁlm assay used in this study shows consid-
erable intra-experimental and inter-experimental variation,
and thus repeated measures are needed to adequately deter-
mine bioﬁlm formation by a given isolate. Importantly, most
of the variation can be assigned to variations in the method
rather than to biological variation. For future studies, further
improvements of the methods might decrease the intra-assay
variation. Also, the method used as a measure only total bio-
mass, which does not necessarily correlate with the number
of culturable bacteria within the bioﬁlm for all isolates
tested. Ideally, one should combine several methods to
describe the quality of the bioﬁlm, to better understand its
composition and the regulation of its production. In this
work, we also showed that P. acnes produces bioﬁlm on
bone cement, and we are currently developing an assay
to better quantify bioﬁlm formation on this clinically highly
relevant material.
In conclusion, this study demonstrates the importance of
bioﬁlm formation in deep infections with P. acnes. The strong
association between bioﬁlm formation and site of infection
makes testing for bioﬁlm an important tool to discriminate
true bacterial infection from contamination.
This application merits further investigation. As bioﬁlm
formation seems to be fundamental to invasive P. acnes infec-
tions, diagnostic procedures should be changed to better
detect bioﬁlms, and testing of antibiotic susceptibility would
perhaps be more accurately performed in a bioﬁlm state.
With a better understanding of the biology of bioﬁlm and its
effect on the host–microbe relation, novel and rational strat-
egies for the diagnosis and treatment of P. acnes infections
can be developed.
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